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Introduction

46
Transition metals such as iron (Fe), zinc (Zn), manganese (Mn), cobalt (Co) and copper (Cu) are 47 essential for the survival of all living organisms [reviewed in (Weiss and Carver, 2018) ]. These metals are 48 incorporated into active sites of metalloenzymes, and organise secondary structures such as Zn finger 49 domains of many proteins including transcription factors. They are therefore implicated in a wide range of 50 crucial biological processes. However, excess of these metals is toxic for living organisms, partially because 51 they compete for metal-binding sites in enzymes. In this context, recent studies have revealed transition 52 metals as a "double edge sword" during infection of phagocytic cells. Upon phagocytosis, the innate immune 53 phagocyte restricts intravacuolar bacterial growth either by depleting essential metal ions (e.g. Fe 2+ and 54 . 60 9 delivery into BCPs, cells were fed with 3 μm latex beads during the assay. No difference in FZ-3 signal 215 intensity nor in Zn delivery to BCPs were observed between wild type and mutant cells (Fig. 6A-B) . 216 However, Zn, which was found in the VatB-RFP-positive CV of wild type cells at all time points (Fig. 6A) , 217 was strikingly absent from the CV of zntA KO cells (Fig. 6B ). This suggests that ZntA mediates the main 218 route of Zn delivery into the CV. Overexpressing mCherry-ZntA in zntA KO cells rescued the transport of 219
Zn inside the CV network (Fig. 6C) . Interestingly, when cells expressing AmtA-mCherry were stained with 220 NBD-TPEA, the intensity of the signal in zincosomes of the zntA KO was more intense than in wild type 221 cells (Fig. 6D, E) . Importantly, knocking out zntA did not alter the number of zincosomes (Fig. 6F) . 222
In conclusion, these data indicate that ZntA is the main Zn transporter of the CV system, and that the 223 absence of ZntA leads to an increased concentration of Zn in the endosomal system (Fig. 6G) . 224
ZntB is the main lysosomal and post-lysosomal Zn transporter 225
As mentioned above, ZntB localized at zincosomes and phagosomes ( Fig. 4D-H, Fig. S3 ). To test 226
whether ZntB mediates the transport of Zn into these compartments, a zntB KO, generated within the 227 Genome Wide Dictyostelium Insertion (GWDI) project, was used (Fig. S4C) . The insertion site of the 228 blasticidin cassette was confirmed by genomic PCR (Fig. S4D) . Wild type and zntB KO cells were incubated 229 over night with TRITC-dextran, stained with FZ-3 or NBD-TPEA, and fed with 3 µm latex beads . Strikingly, the BCPs of zntB KO cells appeared to be devoid of both FZ-3 and NBD-TPEA signals (Fig. 231 7A and D). By adjusting the image settings and by quantification of the integrated signal intensity inside 232 BCPs, the signal in zntB KO cells was shown to be decreased by approximately 60% compared to wild type 233 (Fig. 7B and C) . The residual amount of Zn detected might be delivered to BCPs by fusion with zincosomes 234 that are also present in the zntB KO (Fig. 7D, arrows) . Importantly, overexpression of ZntB-mCherry in the 235 zntB KO rescued the defect in Zn content (Fig. 7E) . 236
We propose that ZntB is the main Zn transporter in lysosomes and post-lysosomes (Fig.7F) , and that, 237 in its absence, residual levels of Zn are reached within these compartments by fusion with zincosomes or 238 trafficking from recycling endosomes, where Zn is transported by ZntC or ZntD. 239
Since ZntB is located at BCPs, a generic type of phagosomes that have a relatively transient nature, 240 leading to particle exocytosis after about 60 minutes, we wondered whether ZntB is also present at 241 compartments containing the non-pathogenic mycobacterium M. smegmatis, which are documented to have 242 phagolysosomal identity but are more persistent, releasing killed bacteria after a couple of hours. ZntB-243 mCherry localized at the membrane of the MCV immediately after bacteria uptake, and Zn, detected by 244 NBD-TPEA, also accumulated inside the MCV at the same time (Fig. S5) . The concentration of 245 intraphagosomal Zn appeared to increase during the early stages of infection (from 1 to 33 min post-uptake), 246 which agrees with the hypothesis of ZntB being the main lysosomal Zn transporter. Strikingly, as we 247 observed before for BCPs (Fig. 7D) , Zn could also be delivered to the MCV by fusion of ZntB-mCherry-248 decorated zincosomes (Fig. S5, 33 min) . 249
Zn poisoning contributes to the killing of phagocytosed bacteria 250
In macrophages, infection with E. coli leads to an increase in the cytosolic level of Zn, followed by 251 its transport inside phagosomes (Botella et al., 2011). When Dictyostelium was infected with E. coli, we 252 could not observe a cytosolic burst of Zn, but Zn appeared in the phagosomes rapidly after uptake (Fig. 8A) . 253
This was due, at least in part, to fusion of the phagosomes with zincosomes (Fig. 8A , arrowheads) in line 254 with our previous observations (Fig. 3A,S5 ) and the findings in macrophages (Botella et al., 2011). 255
To determine whether Zn contributes to intraphagosomal bacteria killing by Dictyostelium, a Zn-256 hypersensitive E. coli mutant with an inactivated P 1B -type Zn efflux ATPase [∆zntA, (Rensing et al., 1997)] 257 was used. We first confirmed the hypersensitivity of this mutant to Zn (Fig. 8B) , since 0.2 mM of Zn was 258 enough to strongly inhibit its growth in vitro, whereas the proliferation of wild type cells was only inhibited 259 by concentrations of Zn above 1.25 mM (Fig. 8B) . This differential and dose-dependent inhibition of 260 bacteria growth was not observed for other metals such as Cu, Fe or Mn (Fig. S6A-C) . In line with 261 observations in macrophages (Botella et al., 2011), Dictyostelium killed the ∆ zntA mutant bacteria faster than 262 the wild type E. coli (Fig. 8C,D) . Interestingly, both E. coli strains were killed faster by the Dictyostelium 263 zntA KO than by wild type Dictyostelium (Fig. 8C) , while no significant difference in killing was observed 264
between Dictyostelium wild type and zntB KO cells (Fig. 8D ). This suggests that accumulation of Zn in the 265 phagolysosomes contributes to bacterial killing and that these compartments harbour a higher Zn 266 concentration in the zntA KO than in wild type Dictyostelium. 267 (Fig. 1C and Fig. 4C ). In addition, Zn was present in the lumen of 287 phagosomes soon after bead uptake and until exocytosis ( Fig. 2A-D) . released from storage complexes, followed by pumping and sequestration into phagosomes. However, this 292 was not observed in Dictyostelium neither by feeding cells with beads nor with bacteria ( Fig. 2A, 8A, S5) . 293 We reason that, since the concentration of cytosolic Zn is very low [between pico-and low nanomolar;12 reviewed (Kambe et al., 2015)], it is consequently under the detection limit of FZ-3 and NBD-TPEA, 295 explaining why we could not monitor cytosolic Zn. 296
The subcellular homeostasis of Zn is tightly regulated through uptake, storage, re-distribution and efflux 297 mechanisms that are, among other, mediated by Zn transporters of the ZnT and ZIP family (Bird, 2015) . ZntB, described here. (Fig.4H ). In addition, ZntB was observed at BCPs at the phagolysosomal stage ( Changes in the cytosolic Zn levels under non-steady-state conditions are remedied in a process 317 described as "muffling" by diverse mechanisms such as the cytosolic buffering by metallothioneins, the 318 extrusion of Zn from the cell, and the sequestration of Zn into organelles (Colvin et al., 2010). In 319 Dictyostelium, Zn is sequestered into the CV thanks to the transport by the ZntA (Fig. 6A,B ). Because we 320 observed an accumulation of Zn within lysosomes in zntA KO cells ( and M. smegmatis (Fig. S5 ). Similar to the situation described in macrophages, an E. coli strain deficient in 334 the Zn efflux P 1B -type ATPase ZntA was killed faster than the wild type (Fig. 8C,D) , leading to the 335 conclusion that Zn poisoning belongs to the killing repertoire of Dictyostelium. While the accumulation of 336
Zn inside lysosomes of the zntA KO leads to a better killing capacity of Dictyostelium (Fig. 8C) , bacteria 337 killing in the zntB KO was unaffected (Fig. 8D ). This suggests that Zn poisoning is an evolutionarily 338 conserved process and might act in concert with other killing factors such as phagosomal acidification, ROS 339 production, and deprivation or poisoning by other metals, which would compensate for the loss of ZntB. 340 14
Materials and Methods
341
Dictyostelium plasmids, strains and cell culture 342
All the Dictyostelium material used for this article is listed below (Table 1) (Fig. S4B) . 361
Verification of the zntB REMI KO 362
The zntB KO (AX4 background) was obtained as part of the Genome Wide Dictyostelium Insertion 363 (GWDI) Project (https://remi-seq.org/) and was generously provided by Prof Christopher Thompson. The 364 individual mutant was obtained from the grid. To confirm the insertion site of the blasticidin cassette into the 365 zntB gene, gDNA was isolated from wild type and zntB KO using the High Pure PCR Template Preparation 366 Kit (Roche) and a diagnostic PCR was performed according to the recommendations on the GWDI website. To label all endosomes TRITC-dextran [70 kDa, Sigma (#T1162)] was added overnight (1 mg/ml; stock 10 393 mg/ml in ddH 2 O) and throughout FZ-3 and NBD-TPEA staining. 394
The temporal and special dynamics of Zn inside BCPs was quantified using ImageJ and the 395 "CenterOnClick" plugin (Nicolas Roggli, University of Geneva, unpublished) that automatically centers the 396 "clicked" particle of interest in a recalculated image for further visualization and analysis. The integrated 397 density inside a "donut" that was drawn around the FZ-3 signal was measured using "plot Z-axis profile". 398 the time between phagocytosis and fluorescence extinction (killing) was determined manually using the 420 ImageJ software, and the probability of bacterial survival was represented as a Kaplan-Meyer estimator. The 421 data of three independent experiments were pooled and statistical comparisons between Kaplan-Meier 422 curves were calculated using the log-rank test. 423
Antibodies and immunofluorescence
To monitor the involvement of Zn in the killing of E. coli, Dictyostelium cells were stained with 424 NBD-TPEA, as mentioned above, and bacteria were labelled using CF594 succinimidyl ester [SE, Sigma-425 Aldrich (#SCJ4600031)]. Briefly, an overnight culture of bacteria was diluted 1:10 in Soerensen buffer and 426 incubated with 2 µl of a 10mM CF594 SE stock solution (in DMSO) for one hour in the dark. After two 427 washes with Soerensen buffer, bacteria were resuspended in 1 ml of filtered HL5-C. 10 µl of the bacteria 428 suspension were added to the pre-cooled cells on an 8-well ibidi slide and centrifuged onto cells for 1 min at 429 500g at 4°C. Images were taken with 90 sec intervals at a spinning disc confocal microscope using the 63 × , B., Wagner, C., Balest, A., Balbo, A., Pergolizzi, B., Noegel, A. A., Steinert, M. and , D., Maser, J., Lai, B., Cai, Z., Barry, C. E., 3rd, Honer Zu Bentrup, K., Russell, D. G. and  580 
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